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ABSTRACT 
Monochromatic light microscopy at 435 m# shows in Euglena gracilis, the dis- 
tribution of chlorophyll and the general orientation and geometry of chloroplasts 
in vivo. In  addition  it  discloses,  in  swelling chloroplasts,  a  lamellar pigmented 
structure.  Changes in this structure are observed in extruded swollen chloroplasts 
treated  with  lipolytic or proteolytic enzymes. Lipolytic enzymes produce  an in- 
crease in  the  number  of visible lamellae while proteolytic enzymes  disrupt  the 
lamellar array. 
Correlation of chloroplast  swelling  behavior and  the ef[ects  of enzymatic deg- 
radation  with  current  electron  microscope observations  support  the  following: 
(1)  the pigment  lamellae observed in vivo consist of component laminae;  (2)  the 
lamellae are separated  by sites of swelling;  and  (3)  the integrity of the lamellar 
structure is primarily dependent upon the intact state of the protein. 
The  observation  of  an  electron-dense  laminate 
structure  in  ultrathin  sections  of  chloroplasts  has 
led  to  an  increased  interest  in  the  distribution 
pattern  of chlorophyll in vivo. Such information is 
difficult  to  obtain  directly  from  electron  micro- 
graphs  since  the  pigments  lack  specific  electron 
density  over  that  of  other  cell  constituents  and 
are  subject  to  the  solvent  action  of  dehydration 
agents  used  prior  to  sectioning  (6). 
Several  investigators  have  utilized  the  spectral 
absorption  of  chlorophyll  to  localize the  pigment 
in vivo (2,  9,  20,  25)  and  this property at  435  m# 
has been used  to demonstrate a  lamellar structure 
in  intact  and  swelling  Chlorella  chloroplasts 
(14,  15).  The  number  of component  laminae  visi- 
ble  in  swelling  chloroplasts  was  compatible  with 
that  observed  in  electron  micrographs  of  this 
material  (1). 
Euglena  gracilis  offers  certain  advantages  for 
continuation  of  this  study.  It  has  large  laminate 
chloroplasts  which  can  be  extruded  without 
apparent  damage.  Furthermore,  the  extensive 
electron  microscopy  of  its  chloroplast  by  Wolken 
and  coworkers (21-24)  has provided a  background 
of valuable information. Included also are statisti- 
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cal  counts  of  dense  lamellae,  pigment  concentra- 
tion,  and  effects  of  environmental  alteration. 
The  present  study  attempts  to  reconcile some 
of  the  features  of  the  in vivo pigment  absorption 
image with those observed in electron microscopy. 
Appropriate  enzymatic degradations  were induced 
in  swelling  chloroplasts  in  order  to  study  the 
nature  of  the  pigment  arrangement. 
Methods 
The  Euglena  gracilis var. bacillaris  was  grown 
aerobically on a glutamic acid medium at pH 3.3 in a 
simple  continuous  culture  device  (8).  Intermittent 
light  (14  hours  light  phase,  10  hours  dark  phase) 
yielded  a  more  homogeneous  population  than  con- 
tinuous  illumination.  This  device  produced  uniform 
material  for  as  long  as  2  weeks  after  a  sufficiently 
heavy growth was attained (~-d X  103 organisms/mm.  ~) 
Cultures  were  harvested  by  low-speed  centrifugation 
and  washed  twice in 0.1  M KC1 to  remove the acidic 
medium. 
For  chloroplast  extrusion,  one  volume  of  packed 
cells from about  100 ml. of culture medium was mixed 
in  a  micro  chamber  (2.5 cm.  ~ capacity)  of  a  Virtis 
homogenizer with  several  volumes of glass  pavement 
marking spheres  (10).  The cells were ground for 30 to 
75  seconds  at  high speed; cells and  chloroplasts were 
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separated from the glass spheres by aspiration with a 
fine hypodermic  needle. No  attempt  was  made  to 
isolate  chloroplasts  from  other  cellular  constituents. 
The extruded chloroplasts were capable of maintaining 
their structure for several days at 3°C. 
The  trypsin,  papain,  and wheat  lipase used were 
Worthington Chemical preparations. The lipase was a 
crude  preparation  which  exhibited  no  trypsin-like 
activity. The trypsin was twice crystallized and highly 
active. The lecithinase A and lipase were diluted in 0.1 
KC1. Trypsin was prepared in 0.02 ~  phosphate in 
0.1  ~  KC1  adjusted  to  pH  6.7. The  papain  was 
suspended in a 0.03 ~ cysteine solution. Dr. M. Rodbell 
kindly provided a purified preparation  of lecithinase A 
which had no proteolytic activity. 
Enzyme  preparations  and  their  diluents  were 
added  to  freshly  extruded  chloroplasts  to  give  final 
concentrations  of  0.5  to  0.05 mg./ml.  These  were 
placed  in  an  incubator at  37°C., except as  noted. 
Controls were similarly treated.  The digestions were 
carried out at pH 6.4--7.0. 
The microscope optics, the photographic technique, 
the  interference  filters, and  light  source have  been 
described previously (14, 15). 
RESULTS 
Intact Chloroplasts: 
In the  absorption image of  an intact cell,  the 
chloroplasts are dearly flattened and wafer-shaped 
and are usually oriented with their broad surface 
parallel to the cell membrane.  1 Under our growth 
conditions there are 5 to 7 chloroplasts per organ- 
ism.  Fig.  1 a  shows  an edge  view, while the flat 
view is presented in Figs.  2  a  and b.  The latter 
often  shows  the  pyrenoid  as  a  central  area  of 
decreased pigment absorption as in Chlorella (14, 
15).  (This  structure  appears  dense  in  numerous 
electron  micrographs  1,  23.)  The  edge  of  the 
chloroplast becomes irregular after long exposure 
to light (Fig. 2 a). 
Expanded  Chloroplasts: 
Organisms  maintained anaerobically in  0.1  M 
KC1  gradually increase in size  and their  chloro- 
plasts  expand.  The  time  required  for  swelling 
varied from 2 to 24 hours. (It was our impression 
that  the  most  motile  cells  were  the  ones  most 
resistant to swelling.)  However, when chloroplasts 
are extruded into 0.1 ~t KC1 they expand immedi- 
ately,  suggesting  that  their  flattened  form  is 
1For  a  comparison of  the  absorption  image  to  a 
conventional  light  microscopy image,  the  reader  is 
referred to earlier papers from  our laboratory  (8,  14, 
ts). 
dependent  on  the  cytoplasmic  environment. 
Expanded chloroplasts appear to consist of numer- 
ous  (10 to 20)  fine bands arranged in one of two 
general  patterns  depending  upon  the  aspect 
presented to view (Figs.  3 a and b). In one of these 
(designated by P  in the figure),  the bands (approx- 
imately 10)  appear parallel. In the other  (desig- 
nated by R),  the separated bands (approximately 
20) appear radially arranged around a prominently 
unpigmented pyrenoid.  Several  intermediate  as- 
pects  are  shown in the  extruded  chloroplasts  in 
Figs. 4 a, b, and c. The lamellate nature of these 
bands may be demonstrated in the radial aspect 
by  their  continuity at  various  focal  planes.  A 
typical example is presented in Figs. 5 a, b, and c. 
The  transition from  the  flattened form  to  the 
expanded form  is difficult to  follow  in the  same 
chloroplast.  Not  only are  the organisms initially 
motile, but the individual chloroplasts change their 
location during swelling.  Figs. 1 a, b, and c repre- 
sent an attempt to follow swelling in the same cell. 
The  expansion  of  chloroplasts  upon  extrusion 
occurs,  of  course,  in the homogenizer and cannot 
be observed.  Fig.  6  is  a  simplified diagrammatic 
representation of the intact and expanded chloro- 
plast  from  the  same  aspect  derived  from  the 
various  aspects  in  the  photographs  above.  It 
shows how the radial expansion of originally paral- 
lel  lamellae  appears  to  double  their  number. 
Emymatically  Treated Chloroplasts: 
Lipase and lecithinase A do not profoundly alter 
the pigment lamellae, but appear to increase their 
number.  Fig.  7  c  shows  about  30  lamellae and 
Fig, 7 a suggests that even more are present, but 
not  resolvable.  Other  treated  chloroplasts  are 
seen in Figs.  7  b, d,  e to  h.  Even when enzyme 
action is prolonged for  24 hours,  no further dis- 
solution of  the  chloroplasts occurs.  A  noticeable 
increase  in  chloroplast  size  is  also  observed. 
Proteolytic  enzymes  disrupt  the  pigmented 
chloroplast  structures.  Often  lamellae  seem  to 
break and rejoin and pigment globules form at the 
interstices (Fig. 8). After prolonged digestion, only 
globules  of  pigment  are  left  in  an  amorphous 
matrix.  Figs.  9  a  and  b  represent  transitional 
stages in papain digestion, while Figs. 9  c and d 
show examples of chloroplasts digested with tryp- 
sin. 
In order to follow sequential changes in chloro- 
plasts, digestion was attempted at room tempera- 
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under these conditions (Figs. 8 a, b, and  c)  intact 
chloroplasts were  quite resistant. At 30°C.,  some 
digestion was apparent, but rapid and characteris- 
tic digestion took place only at 37°C. 
DISCUSSION 
The  swelling  behavior  we  have  described  is 
comparable to  that  observed in  extruded Nitella 
chloroplasts by Mercer et al.  (12). They employed 
both  electron microscopy and  conventional light 
microscopy and concluded that a  swelling aqueous 
phase  separates  the  dense  lamellae.  A  similar 
separation of pigment lamellae in  our study sug- 
gests  that  both  opaque  and  pigmented lamellate 
systems  are  closely  associated  or  are  identical. 
Wolken and  Schwertz  (24), Thomas et  al.  (18), 
Goedheer  (5),  and  Olson  and  Engel  (15),  have 
given  values  for  the  space  occupied  by  each 
chlorophyll molecule in  various laminate  chloro- 
plasts. These values depend on  the interpretation 
of  the  number  of pigment layers associated with 
the  dense  lamellae  in  electron  micrographs,  and 
this remains a  point of  uncertainty. Wolken and 
Schwertz (24) have reported that there are 21  4- 3 
major-dense lamellae in  the  Euglena  chloroplast, 
while we regularly see about ten pigmented lamel- 
lae in the edge view of the expanded chloroplast. 
This  would  indicate  that  the  approximately ten 
lamellae we resolve on swelling are at least double 
structures. The action of the lipolytic enzymes in 
increasing  the  number  of  visible  pigmented 
structures  supports  this  interpretation. If a  lipid 
interphase  does  exist  between  compounded  pig- 
ment  laminae,  then  digestion  of  this  junction 
would tend to make the components resolvable by 
increasing  their  separation.  This  interpretation 
agrees very well with Wolken's model (22).  When 
lipids are removed with organic solvents the dense 
lamellae  of  the  chloroplast  also  remain  intact 
(3,  7,  11,  17). 
Proteolytic enzymes disrupt the pigment lamel- 
lae,  suggesting  that  the  pigment  is present  as  a 
pigment-protein complex3 However, some reserva- 
Mercer et  al.  (12  reported  that  extruded  Nitdla 
chloroplasts appeared normal in the  light microscope 
after  incubation at  37°C. in  1 per cent  trypsin. Re- 
peating  this  work  with  absorption  microscopy,  we 
found that swelling Nitella chloroplasts (in 0.l ~ KC1) 
are disrupted by trypsin. This disagreement may be 
due  to differences in experimental conditions  and  re- 
agents as well as the method of detecting alterations. 
It may be that the intact membrane offers considerable 
tions are necessary. It cannot be discerned whether 
the  actual  site  of  the  digested protein  is  within 
the  pigmented  lamellae.  Digestion  of  an  inter- 
lamellar protein which provides a  surface for the 
spreading  of  chlorophyll monolayers  may  be  as 
important  as  disruption  of  a  chlorophyll-protein 
layer  in  which  an  actual  chlorophyll-to-protein 
bond exists. 
The finding by Trurnit and  Colmano  (19)  that 
chlorophyll monolayers at water/air and water/oil 
interfaces  exhibit  a  shift  of  the  red  absorption 
maximum  to  longer  wavelengths  relegates  to  a 
lesser importance the argument for a  chlorophyll- 
protein  complex on  a  purely spectral  basis.  The 
spectral  shift  resulting  from  heating  leaves,  as 
observed by Godnev and  Akulovich (4),  may be 
due  to  a  breakdown  of  chlorophyll  monolayers 
without  specific  protein  attachment.  Certainly, 
disruption  of  the  light-absorbing  lamellae  by 
proteases  is  no  proof  that  they  are  essentially 
protein. 
A  physiological  corollary  to  these  enzymatic 
effects may be found  in  the  work of Spikes (16), 
who has reported that proteolytic enzymes inhibit 
the  Hill  reaction  in  isolated  chloroplasts  while 
lipase  and  lecithinase  leave  it  unaltered.  This 
occurs  at  15°C.,  considerably  lower  than  the 
temperature of  our  studies. Important functional 
alterations  may  thus  precede  the  more  drastic 
structural changes. 
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EXPLANATION OF  PLATES 
PLATE 118 
FIGS. 1 a, b, and c. The same organism in 0.1 M KCI is seen at various stages of swelling.  The photographs were 
taken at 0 time, 7 hours, and  20 hours, respectively. Motion and changes in focal level make sequences difficult 
to obtain.  X  2200. 
FIGS. 2 a and b are views of the fiat surface of intact chloroplasts. The focal plane is near the outer surface of 
the organism. The irregular edge of a chloroplast is seen in Fig. 2 a, and both figures show the pyrenoid as a cen- 
tral region of decreased absorption. The scale in Fig. 3 a applies to Figs. 2 a and b.  X  2400. 
FIGS. 3 a and b present two general aspects of chloroplasts observed in swollen organisms. That indicated by R 
shows  the  lamellae radially  arranged  around  the pyrenoid,  while that  marked  P  shows  only parallel lamellae. 
There are about twice as many separated lamellae appearing in the radial aspect.  X  2400. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
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VOL. 7 
(Greenblatt et al.: Absorption microscopy of chloroplasts) PLATE  119 
Fins. 4 a, b, and c are examples of extruded chloroplasts in 0.1 M KC1. X  3800. 
Fins. 5 a, b, and c are radial views of an extruded chloroplast at three focal planes about  1 ~  apart. The conti- 
nuity oi the bands at  different focal levels indicates a  true lamellate structure.  )<  3400. 
Fro. 6 is a  diagrammatic representation of a  chloroplast from the same aspect before and after expansion. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOI,OGY 
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(Greenblatt el al.: Absorption microscopy of chloroplasts) PLATE  120 
FL{;S. 7 a  to f  are lipase-treated  (0.5  per cent) chloroplasts. The incubation  time varies from  15  minutes to  2 
hours in the first five examples. Fig.  7 f  represents a  24 hour incubation.  X  3300. 
FIGS. 7 g and h are lecithinase A  (0.5 per cent)-treated chloroplasts, which have been incubated for 30 minutes. 
X  33OO. 
FIGS.  8 a,  b, and c represent a  chloroplast fragment being disrupted by 0.4 per cent papain.  The photographs 
were taken at 2,  10, and 110 minutes.  X  3100. 
F1Gs. 9 a  and b are other papain-treated chloroplasts after 10 minutes of incuhation.  X  3200. 
F1Gs. 9 c and d are trypsin (0.5 per cent)-treated chloroplasts after 15 minutes digestion. X  3200. THE  JOURNAl.  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  120 
VOL. 7 
(Greenblatt el al.: Absorption microscopy of chlz~roplasts) 